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Abstract: Motivated by the possibility of enhancing dark matter (DM) self-interaction
cross-section σself , we have revisited the issue of DM annihilation through a Breit-Wigner
resonance. In this case thermally averaged annihilation cross-section has strong temper-
ature dependence, whereas elastic scattering of DM on the thermal bath particles is sup-
pressed. This leads to the early kinetic decoupling of DM and an interesting interplay in
the evolution of DM density and temperature that can be described by a set of coupled
Boltzmann equations. The standard Breit-Wigner parametrization of a resonance prop-
agator is also corrected by including momentum dependence of the resonance width. It
has been shown that this effects may change predictions of DM relic density by more than
order of magnitude in some regions of the parameter space. Model independent discussion
is illustrated within a theory of Abelian vector dark matter. The model assumes extra U(1)
symmetry group factor and an additional complex Higgs field needed to generate a mass
for the dark vector boson, which provides an extra neutral Higgs boson h2. We discuss the
resonance amplification of σself . It turns out that if DM abundance is properly reproduced,
the Fermi-LAT data favor heavy DM and constraint the enhancement of σself to the range,
which cannot provide a solution to the small-scale structure problems.
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1 Introduction
The dark matter (DM) constitutes 84.5% of total Universe matter [1], nevertheless
its origin is still unknown in spite of unprecedented effort made both by experimentalists
and theoreticians. Even more, the standard WIMP (weakly interacting massive particles)
paradigm seems to suffer from various difficulties when confronted with observations on
small cosmological scales. For instance “too-big-to-fail” [2, 3] and the “cusp-core” [4–7]
problems are widely discussed in the literature. In particular, the DM densities inferred in
central regions of DM dominated galaxies are usually smaller than expected from WIMP
simulations [8, 9]. It turns out that an appealing alternative is to assume that dark matter
may self-interact strongly [10]. The assumption of self-interacting dark matter (SIDM)
implies that central (largest) DM density could be reduced. The numerical simulations have
shown that SIDM halos are consistent with observations if DM particles have a nuclear-scale
self-interaction cross-section 0.1 cm2/g < σself/MDM < 10 cm
2/g within halos [8, 11–19].
The largest values of σself/MDM are in contradiction with the cluster limit, σself/MDM <
1.25 cm2g−1 [20], therefore scenarios with velocity-dependent σself/MDM are preffered [21].
The aforementioned problems directly encouraged us to study the possibility for the
Breit-Wigner resonant enhancement of dark matter annihilation and self-scattering[22–32].
However, it turns out that physics relevant in the vicinity of a resonance is interesting on
its own and worth studying in details regardless of any phenomenological applications.
Particularly intriguing consequence of the resonance annihilation is the early kinetic de-
coupling of dark matter, which requires to examine the connection between DM density
and temperature evolution. Even though the issues mentioned above are not limited to any
particular model, and should be verified in each given case, we have chosen to illustrate
them within a model of Abelian vector dark matter.
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The paper is organized as follows. In sec. 2 we review the resonant annihilation process
including velocity-dependent corrections to the standard Breit-Wigner description of a
resonance. In sec. 3 the early kinetic decoupling of dark matter is discussed. In sec. 4
we consider the possibility of enhancement of dark-matter self-scattering cross section by a
resonant s-channel Higgs boson exchange. Sec. 5 contains discussion of constraints relevant
in the parameter space of DM with resonant annihilation. Finally in sec. 6 we summarize
our results.
2 Resonant annihilation of DM
It is well known that the case of dark matter annihilation in the vicinity of a resonance
requires a special treatment. In particular the standard velocity expansion of the cross-
section fails and cannot be used to compute approximate thermal average in the relevant
temperature range [33, 34]. Furthermore, the density of dark matter in the comoving
volume can decrease substantially even after dark matter chemical decoupling, as thermally
averaged cross-section increases with falling temperature. Finally the current annihilation
rates can be larger by many orders of magnitude from the typical value 〈σvrel〉0 = 3 ×
10−26 cm3 s−1 in the non-resonant case. This boost effect has been discussed, as an
explanation to anomalies reported by cosmic rays experiments [24–28, 35, 36].
In this work we focus on two effects, which turn out to be important for DM annihi-
lation especially if enhanced DM self-interaction is desirable. The first one is early kinetic
decoupling, which comes from the suppressed coupling between dark matter and visible sec-
tor in the highly resonant scenario and results in reducing DM temperature with respect to
the SM thermal bath. The second effect is the energy-dependence of the resonance width,
which cannot be neglected when the width is dominated by the decay into DM states. This
scenario arises, when we keep couplings in the hidden sector unsuppressed what enforces
the small coupling of the resonance to the SM particles.
R
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f
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f
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Figure 1. Feynman diagrams mediated by the resonance, which are responsible for DM annihi-
lation, self-interaction and maintaining the kinetic equilibrium.
We will present detailed analysis of the dark matter evolution, when its annihilation is
resonantly enhanced by a Breit-Wigner (BW) resonance in the s-channel. We limit our-
selves to interactions, which are in the first approximation velocity-independent beyond
the resonance (s-wave annihilation), i.e. the only velocity-dependence will come from the
resonance propagator.
In the Breit-Wigner approximation, the cross-section for a 2→ 2 s-channel annihilation
(fig. 1) at a resonance of mass M with identical dark matter particles of mass mi in the
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initial state and mf in the final state, can be written as (we follow the notation of [24]
1):
σ =
∑
f 6=i
32piωβf
sβiβ¯iβ¯f
M2Γ2BiBf
(s−M2)2 + Γ2M2 (2.1)
where Γ is the total decay width of the resonance, Bi, f are branching ratios for resonance
decaying into initial and final states respectively, βi, f ≡
√
1− 4m2i, f/s, β¯ ≡ β|s=M2 and
the statistical factor ω = (2J + 1)/(2S + 1)2 depends on spin of the resonance J and spin
of colliding particles S.
If 2mi > M , then the decay of the resonance into initial states is not kinematically
allowed. One can then treat Bi and β¯i as analytical continuations from the physical region
2mi < M or one could express the cross-section in terms of the coupling between the initial
state and the resonance mediator. In order to facilitate further discussion we will define
the following dimensionless quantities
ηi/f ≡
ΓBi/f
Mβ¯i/f
, δ ≡ 4m
2
i
M2
− 1 and γ = Γ
M
, (2.2)
where ηi/f parametrizes the coupling between the initial (final) state and δ describes the
position of the resonance pole.
We are mostly interested in those regions of the phase space where DM particles are
non-relativistic, so when vrel  1. Large velocities may only appear in calculations of
thermally averaged cross-sections, but there their contribution is negligible since it is very
efficiently suppressed by the Maxwell-Boltzmann distribution. Therefore, hereafter we are
going to adopt non-relativistic approximations. Since our work has been motivated by
possibility of resonance enhancement of DM self-interactions therefore we will also focus
on the vicinity of a resonance, i.e. δ  1. In the non-relativistic approximation we obtain:
s = 4m2i +m
2
i v
2
rel, where vrel = 2
√
s
4m2i
− 1 ≈ 2βi. (2.3)
To first order in small parameters (|δ|, vrel  1) we obtain the following formula, which
will be used in further discussions
σvrel =
∑
f 6=i
64piω
M2
ηiηfβf
(δ + v2rel/4)
2 + γ2
. (2.4)
One has to keep in mind that the resonant cross-section in a Breit-Wigner form is an
approximation. The full propagator is obtained by the resummation of an infinite series
of 1PI self-energy graphs Σ(s) and contains an energy-dependent self-energy, which in the
BW propagator is replaced by the constant total decay width
Γ ≡ Γ(s = M2), where Γ(s) ≡ =Σ(s)
M
. (2.5)
This approximation is justified, when all thresholds for the resonance decay are far away
from the pole position, s = M2. We assume this is the case for the annihilation products,
1Extra factor of 2 comes from the assumption of identical particles in the initial state.
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but the threshold for the decay into DM is always nearby for |δ|  1, therefore one has
to include the leading energy dependence of Γ(s). By the optical theorem, each of the
decay channels contributes to Γ(s) with a phase space βi,f multiplied by a factor, which
we approximate using constant ηi,f
2. We define energy-dependent width as
γ(s) ≡ Γ(s)
M
≈ ηi vrel
2
θ(s− 4m2i ) +
∑
f 6=i
ηf β¯f , (2.6)
where we have used βi = vrel/2 and approximated contribution to Γ(s) from the annihilation
products by constants. This gives the non-relativistic formula, where we neglect corrections
of order δ and v to ηi and ηf .
The extra difficulty comes from the gauge-dependence of vector contributions to the
self-energy in theories with spontaneous symmetry breaking (as exemplified later by the
vector dark matter model used to illustrate results of this paper). To get the modified
self-energy, which fulfills the required physical properties, one has to cast the relevant am-
plitudes via the pinch technique algorithm (PT) [37–39]. However, as it has to display only
the physical thresholds and coincide with gauge-independent value at the pole (s = M2),
the PT self-energy can also be approximated by (2.6). We have checked by numerical
calculations that the relativistic formula for thermally averaged cross-section 〈σvrel〉 cal-
culated in the Rξ gauge which does not contain unphysical thresholds in the resonance
region (ξ > 1), leads to the relic density that is within 10% of the one obtained using
non-relativistic approximation.
The energy-dependent width (2.6) differs from the standard decay width only by a
velocity vrel which replaces constant factor 2β¯i = 2
√−δ that is present for negative δ.
Nevertheless, as the low-energy behavior is crucial in the DM annihlation, we will show
that this correction is essential, if decay of a resonance into DM dominates the decay width.
The cross-section (2.4) with γ replaced by (2.6) needs to be thermally averaged with
the Maxwell-Boltzmann distribution. In the CM frame adopting consequently the non-
relativistic approximation the average reads
〈σvrel〉x = x
3/2
2
√
pi
∫ ∞
0
dvrelv
2
rele
−xv2rel/4σvrel. (2.7)
In fig. 2 we illustrate 〈σvrel〉(x) for selected values of δ and ηi/f assuming annihilation
into one effectively massless product (βf = β¯f = 1). To explain the qualitative behavior
we examine the velocity dependence of the denominator in (2.4)
(
δ +
v2rel
4
)2
+ [γ(vrel)]
2 = δ2 + η2f β¯
2
f + ηiηf β¯fvrel +
(
δ
2
+
η2i
4
)
v2rel +
v4rel
16
. (2.8)
Correct DM relic density in the scenario with resonant annihilation requires small DM-SM
coupling, therefore we focus on the region where ηiηf β¯f  δ2, so the linear term in velocity
can be neglected in (2.8). Expanding the cross-section in powers of v2rel and keeping in mind
2This is justified by our assumption of a dominant s-wave annihilation beyond the resonance.
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Figure 2. Thermally averaged annihilation cross-section 〈σvrel〉(x) for negative (left panel) and
positive (right panel) value of δ. The solid lines were obtained using the resonance formula (2.4)
with energy-dependent width (2.6) and dashed lines refer to constant width approximation. In the
right panel all dashed lines coincide.
that v2rel in the cross-section corresponds approximately to 1/x in the thermal average, one
finds that 〈σvrel〉 grows proportionally to x, before it reaches its low temperature limit
around x & |δ + η2i /2|/[2(δ2 + η2f β¯2f )]. If δ < 0 and η2i < 2|δ| then additionally a maximum
appears at this value. We note that if |δ|  η2i /2 the result does not depend on the sign of δ.
The growth of the averaged cross-section leads to the extended period of DM annihilation
and has impact on the bounds coming from the indirect searches. As we will discuss in the
next section, it leads also to non-trivial temperature evolution of the hidden sector.
3 Dark matter evolution and early kinetic decoupling
In this work we assume that dark matter is a thermal relic, which in the early universe
was in chemical and kinetic equilibrium with the thermal bath of SM particles. When the
annihilation rate to the visible sector is greatly enhanced by the resonance, we expect that
the product of mediator couplings to DM and the SM particles has to be suppressed to
comply with the relic abundance constraints. On the other hand the scatterings of DM
particles on the thermal bath states occur only in the t-channel (fig. 1), where a reso-
nance does not emerge, so it remains suppressed. Consequently temperature of the kinetic
decoupling Tkd can be much higher than in a typical WIMP scenario (Tkd ∼ MeV) [40].
If dark matter decouples kinetically, when it is non-relativistic and its thermal distri-
bution is maintained by self-scatterings3, then the DM temperature TDM evolves according
to TDM ∝ R−2, where R is the cosmic scale factor, contrary to the radiation-dominated
SM thermal bath, for which T ∝ R−1. For the velocity-dependent DM interactions it
leads to the modification of the relic density [41–44]. We will show that in the case of
the BW enhancement, describing kinetic decoupling as instantaneous is not precise [45].
When thermally averaged cross-section is temperature dependent, it can affect the DM ve-
locity distribution and consequently also its temperature. Therefore in order to determine
3The resonance may also enhance DM self-interaction, so most of the parameter space considered here
corresponds to strongly self-interacting DM.
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the DM abundance and temperature evolution one has to use a set of coupled differential
Boltzmann equations [42–44]4
dY
dx
= −
1− x3 g
′∗s
g∗s
Hx
s
(
Y 2〈σvrel〉xDM − Y 2EQ〈σvrel〉x
)
dy
dx
= −
1− x3 g
′∗s
g∗s
Hx
{2MDMc(T )(y − yEQ)+ (3.1)
−sy
Y
[
Y 2 (〈σvrel〉xDM − 〈σvrel〉2|xDM )− Y 2EQ
(
〈σvrel〉x − yEQ
y
〈σvrel〉2|x
)]}
where x ≡ MDMT and xDM ≡ MDMTDM and MPl = 1.22 × 1019 GeV. The yield Y = n/s
is expressed by dark matter number density n and entropy density s = g∗S(T )2pi
2
45 T
3.
The equilibrium distribution is YEQ(x) =
45
2pi4
√
pi
8
gi
g∗x
3/2e−x, where gi is the number of
DM degrees of freedom. The Hubble parameter in the radiation-dominated universe is
H = 4pi
3
45M2Pl
g∗T 4 and the temperature parameter y is defined as
y ≡ MDMTDM
s2/3
≡ gi
Y s5/3
∫
d3p
2pi3
p2f(p) and yEQ ≡ MDMT
s2/3
. (3.2)
This definition is general, but TDM corresponds to the dark matter temperature only if
f(p) is a thermal distribution. The scattering rate c(T ) is given by [43]
c(T ) =
1
12(2pi)3M4DMT
∑
f
∫
dkk5ω−1g±(1∓ g±)|Mf |2t=0;s=M2DM+2MDMω+M2f , (3.3)
whereMf is the matrix element for the scattering of DM on a given thermal bath state f
with momentum (ω, k) and equilibrium distribution function g± = (eω/T ± 1)−1. Finally
the averaged cross section 〈σvrel〉2 reads
〈σvrel〉2|x = x
3/2
4
√
pi
∫ ∞
0
dvrelσvrel
(
1 +
1
6
v2relx
)
v2rele
−v2relx/4. (3.4)
To give a specific example of the interplay between DM density and temperature, we
will discuss the evolution of a dark sector within a vector dark matter model (VDM),
details of which are presented in the appendix A. This is a Higgs portal scenario, where
the second scalar with non-zero VEV is charged under an additional symmetry Ux(1). The
extra abelian vector gauge boson Z ′, which acquires mass due to the Higgs mechanism,
can be a stable DM, if its kinetic mixing with the hypercharge gauge boson is forbidden by
a Z2 symmetry. The VDM model contains two scalar mass eigenstates h1 and h2, where
the first one is the SM-like Higgs boson and the second will serve as a resonant mediator.
The couplings of the scalars are given by
L ⊃h1 cosα+ h2 sinα
v
2MWW+µ Wµ− +M2ZZµZµ −∑
f
mf f¯f
+
+ (−h1 sinα+ h2 cosα)2gxMZ′Z ′µZ ′µ
(3.5)
4As we expect the temperatures of kinetic and chemical decoupling to be close, we do not neglect YEQ
in (3.1).
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where α is the scalar mixing angle and gx is the Ux(1) gauge coupling. We focus on the
resonance case Mh2 ≈ 2MZ′ in the limit of a small α 1 (appendix A).
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Figure 3. Dark matter yield Y (left panel) and corresponding DM temperatures (right panel)
in different kinetic decoupling scenarios. The blue curves show the solution of the set of equations
(3.1), whereas the green ones refer to the instantaneous decoupling at xkd = 90. For the red curves
dark matter remains in the kinetic equilibrium during its whole evolution. Dashed curves present
the corresponding results for the standard Breit-Wigner approximation (with γ  δ).
The figure 3 shows a solution of the full set of equations (3.1) (blue curve) in comparison
to the solution obtained for temperature evolution described by the instantaneous kinetic
decoupling (green curve) or assuming no kinetic decoupling (red curve). The value xkd = 90
was chosen as the temperature at which y starts to deviate from yEQ, which means that
temperatures of both sectors are not longer equal. The parameter y settles at constant
value, which indicates that dark sector is decoupled (TDM ∝ T 2), after long period of
evolution. Even though the scattering process is no longer effective the terms in (3.1),
which depend on Y can modify TDM . We note that, as in the case of the Sommerfeld
enhancement [44], this effect can be also substantial for the BW resonance. The cross-
section for the annihilation of slower particles is higher than for faster ones, therefore
mainly particles with smaller than average kinetic energy are eliminated from the spectrum
and the rate at which TDM decreases is reduced. This interesting behavior ends, when DM
annihilation is no longer effective, as can be seen in fig. 3 by noticing that both Y (left panel)
and y (right panel) reach its asymptotic values at the same temperature around x ∼ 106.
The non-trivial evolution of dark matter temperature has a strong impact on the final
relic abundance. The resonant annihilation cross-section is larger for lower temperatures,
therefore Y decreases faster, when y grows at smaller rate. The corresponding solutions
obtained for the standard BW approximation with γ  δ are depicted in fig. 3 by the
dashed lines. The DM yield Y is smaller in this case, because the cross section 〈σvrel〉 ob-
tained using the BW approximation is overestimated in the region x ∼ 20, where chemical
decoupling happens. Moreover as the annihilation is more efficient, TDM remains close to
the equilibrium temperature for smaller temperatures, therefore the effect of the kinetic
decoupling is highly reduced with respect to the previous case.
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4 Resonant self-scattering of DM
In this and the next sections we will discuss to what extend findings presented in
secs. 2-3 are relevant for the possibility of enhanced DM self-interaction with the s-channel
resonance. Given the dark matter mass MDM in the GeV range, the cross section σself
needs to be of the order of barns, which is many times larger than its typical value for
weak interactions.
The self-interaction cross-section at relative velocity v0 can be written in the vicinity
of the resonance as
σself
MDM
∣∣∣∣
v=v0
=
1
M3DM
8piωη2i
(δ + v20/4)
2 + γ2(v0)
(4.1)
In the VDM model, when the self-interaction of dark matter is mediated by the Higgs
scalar h2, the width reads
γ(v0) =
Γh2(v0)
Mh2
= ηi
v0
2
+
Γnon−DM(Mh2)
Mh2
, (4.2)
where Γnon−DM includes the width into the SM states and possibly SM-like Higgs. Pertur-
bativity limits the parameter ηi ≤ 3/16 (appendix A). Note that contributions from the
SM states (including h1) are suppressed by sin
2 α. If we neglect them, and also δ to get
the maximal resonant enhancement, we can obtain an upper bound
σself
MZ′
∣∣∣∣
v=v0
<
32piω
M3Z′v
2
0
< 2.4
(
10 km/ s
v0
)2(100 GeV
MZ′
)3 cm2
g
(4.3)
In principle the above bound allows for substantial enhancement of the self-interaction
cross section at the dwarf galaxy scale (v0 ∼ 10 km/s), if Z ′ is not too heavy. On the
other hand the cross-section is reduced at larger scales in compliance with the cluster
bounds. However, when the self-interaction is enhanced by the resonance, the cross-section
for annihilation of Z ′Z ′ into SM particles is amplified by the same pole in the propagator.
Therefore a tension with indirect searches in dwarf galaxies is expected. We will discuss
later these limits in more details. Another remark concerns dark matter direct detection
limits. As it has been noticed above, large resonant enhancement requires very small mixing
angle α, therefore the Z ′-nucleon scattering cross-section is strongly (by sin2 α) suppressed
and experimental constraints are easily satisfied.
We checked also the possibility to obtain large self-interaction with an exchange of the
SM-like Higgs boson. Adopting 2MZ′ = Mh1 one finds the upper limit for the cross-section
σself
MZ′
∣∣∣∣
v=v0
<
g4x
16piMh1
sin4 α
[(1− sin2 α)ΓSM + η2i sin2 αMh1v0/2]2
< 1.1
cm2
g
, (4.4)
where ΓSM is the SM width of the Higgs boson. Using v0 = 10 km/s, gx <
√
2pi (ηi < 3/16)
and sinα < 0.36 (the ATLAS and CMS combined limit on HV V coupling [46]), we found
that σself/MZ′ is in the ballpark of self-interacting DM scenarios. However, in this case
self-interaction requires larger values of α and the bounds from indirect searches are even
more stringent.
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5 Bounds on the parameter space with resonance enhancement.
In this section we present numerical results for the annihilation and self-interaction
cross-section as a function of MDM = MZ′ . The strategy we adopt is as follows. In
order to maximize σself/MZ′ we choose the maximal coupling in the hidden sector, which
is allowed by perturbativity (η = 3/16). Then we scan over MZ′ and δ and fit α (which
suppresses the resonance-SM couplings) to satisfy DM abundance Ωh2 = 0.1199 ± 0.0022
at the 3σ uncertainty [1]. In order to estimate σself/MZ′ we will adopt non-zero velocity
v0 which, for dwarf galaxies is of the order of 10 km/s:
σself
MZ′
=
8piω
M3DM
η2i
(δ + v20/4)
2 + γ2(v0)
, (5.1)
where γ2(v0) is given by (4.2). Then, with δ chosen, assuming the same DM velocity, we
approximate the averaged annihilation cross-section at present, 〈σvrel〉0, by
σvrel(v0) =
16piω
M2Z′
ηiηf β¯f
(δ + v20/4)
2 + γ2(v0)
. (5.2)
Our results are presented in fig. 4. It should be emphasized that all the points shown in
the plots correspond to the present abundance of DM calculated taking into account both
the early kinetic decoupling via the set of coupled Boltzmann equations (as described in
sec. 3) and adopting the velocity dependent resonance (h2) width. For sinα 1 Γnon−DM
is negligibly small and the total width is dominated by h2 → Z ′Z ′.
In the upper panels of fig. 4 the coloring corresponds to the value of σself/MZ′ obtained
for a given scan point. It can be seen that for a givenMZ′ , points corresponding to enhanced
σself/MZ′ are located towards the upper edge of the scanned (in δ) band. As one could have
easily anticipated large(small) 〈σvrel〉0 is correlated with large(small) σself/MZ′ , so that e.g.
it is difficult to reconcile σself/MZ′ ' 1 cm2/g and constraints from DM indirect searches.
The Fermi-LAT upper limit for the annihilation in the W+W− channel [47] (which is the
dominant one in our case) is shown as a dashed line in the figures. The maximal σself/MZ′
located on the Fermi-LAT curve, turns out to be ∼ 10−6 cm2/g. In order to see explicitly
the tension between large σself/MZ′ and limited from above 〈σvrel〉0 it is useful to rewrite
the later as follows:
〈σvrel〉0 = Γf
ηi
(
σself
MZ′
)
(5.3)
Our intention was to obtain large σself/MZ′ while keeping 〈σvrel〉v0 below the Fermi-
LAT upper limit. Naively, one could think that this could be achieved suppressing Γf for
all those final states the Fermi-LAT is sensitive to. To achieve that one could adjust small
enough coupling between the resonance and the final state f , this is however impossible
since the relevant parameter, sinα has already been fixed by the requirement of proper
DM abundance.
To illustrate the velocity dependence we have adopted in figs. 4 two values of the DM
velocity: 10 km/s and 1 km/s in the left and right panels, respectively, which are in the
– 9 –
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Figure 4. Results of the scan in the parameter space over MZ′ and δ < 0. For each point in the
plot we fit α to satisfy the relic abundance constraint and then calculate the annihilation 〈σvrel〉v0
and self-interaction σself/MZ′ cross-section at the typical velocity v0 equal to 10 km/s (left panels)
and 1 km/s (right panels). Points are colored with respect to 〈σvrel〉v0 (top panels), δ (middle
panels) or α (bottom panels). The maximal value of ηi in the VDM model, η = 3/16, was chosen.
range of a typical velocity for dwarf galaxies [48]. Larger velocity provides less freedom
in enhancing σself/MZ′ . However, note that the lower edge of the allowed band is v0-
independent as the minimal 〈σvrel〉0 is obtained for maximal δ (as seen from fig. 4) such
that leading velocity-dependent contributions to the denominator ∝ v20 are negligible. This
is an important observation as we are interested in the lowest possible 〈σvrel〉0. Therefore
the lower limit for the DM mass is not sensitive the DM velocity. Also the maximal allowed
value of σself/MZ′ (located along the Fermi-LAT curve) is velocity independent. On the
other hand the upper edge for smaller v0 is substantially higher since it suffers from weaker
velocity suppression (as it corresponds to small values of δ).
In the middle panels of fig. 4 we show the same results for 〈σvrel〉v0 , however the coloring
is with respect to δ. It is important to notice here that for both velocities the smallest
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〈σvrel〉v0 corresponds to the largest |δ|. It could be noticed that for smaller velocity (the
lower panel) the cross-section, when starting at the lower edge, is growing monotonically
with decreasing |δ| while for the larger velocity (upper panel) the minimum of δ does
not refer to the largest cross-section. It happens, because at δ ≈ ηv0, 〈σvrel〉v0 changes
its scaling behavior from 1/δ2 to 1/v20 and for further decreasing δ the cross section is
suppressed by smaller values of sin2 α as required by relic density.
It is also worth to recall here that the Fermi-LAT limits coming from dwarf galaxies
include uncertainties coming from the density profiles (J-factors). There are also extra
uncertainties, which arise due to velocity-dependence of the annihilation cross-section, but
their inclusion is beyond the scope of this work [49].
In the fig. 5 we present various constraints in the parameter space (MZ′ , δ) of res-
onantly annihilating dark matter. As before we fit α to satisfy the relic density and
obtain the Fermi-LAT bound using typical velocity v0 = 10 km/s. The CMB limit on DM
annihilation cross-section was taken from [50] assuming direct annihilation into the SM
states. Upper BBN bound comes from the influence of DM annihilation on the deuterium
abundance [51]. In both cases we assume that annihilation is dominated by the W+W−
channel and the cross-section is saturated by small dark matter velocities during BBN or
CMB decoupling. Although this maximizes regions excluded by CMB and BBN, we note
the Fermi-LAT gives the strongest limit in the whole parameter space and region with large
self-interacting cross-section is excluded.
On the other hand the effects of kinetic decoupling on the relic density are substantial
also in the allowed region. In case of larger DM masses MZ′ ∼ 10 TeV, the calculation
assuming equal temperatures of DM and the visible sector overestimates relic abundance
by a factor larger than 2.
6 Conclusions
Consequences of resonant contribution to dark-matter annihilation have been discussed
in details. Since dark matter particles are usually non-relativistic therefore in the vicinity of
the resonance a new threshold for its decays is implicitly present and therefore the standard
Breit-Wigner parametrization of the resonance propagator must be modified by momentum
dependent contributions to the width. Corrections induced by the momentum-dependence
were discussed and it has been shown that in the case of non-suppressed coupling between
the resonance and the dark matter, the threshold effects are important and can not be
neglected.
The resonance enhancement of the annihilation implies a reduced coupling between
resonance and SM and/or resonance and DM. Therefore if one wants to preserve an op-
tion of large σself/MZ′ then the coupling of the resonance to SM must be suppressed and
therefore the early kinetic decoupling of the dark sector has to be considered. Two possible
scenarios; a sharp DM-SM temperature splitting and a smooth decoupling were analyzed.
It the later case coupled Boltzmann equations had to be solved. It turned out that the
early decoupling is relevant and must be properly included.
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Figure 5. Constraints coming from Fermi-LAT, CMB, BBN and region with large self-interactions
in the plane of MZ′ and negative (left panel) or positive (right panel) parameter δ. Below black
dotted, dash-dotted or dashed lines relic density without considering kinetic decoupling is larger by
factor 1.2, 1.5 or 2 respectively.
The above conclusions are generic and should be verified in a given model of DM
whenever the resonant enhancement is present. Here physics in the vicinity of a resonance
was illustrated within U(1) vector-boson dark matter model, which, besides the extra
(dark) gauge boson, contains a second neutral Higgs boson h2.
The possibility of explaining strong dark-matter self-interaction by an s-channel h2 res-
onance enhancement was pointed out and analyzed. It has been shown that it is possible to
reach moderately enhanced σself/MZ′ and properly reproduce measured dark matter abun-
dance employing the second (non-SM like) Higgs boson resonance enhancement. However it
is not possible to reach the strongly self-interacting DM regime with σself/MZ′ = 1 cm
2/g.
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A A model of dark gauged U(1) sector
In this appendix, we are going to describe a model of vector dark matter (VDM)
[52–57] which is an extension of the SM by an additional U(1)X gauge symmetry factor
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together with a complex scalar field S. The vev of the scalar S generates mass for the
vector field via the standard Higgs mechanism. The quantum numbers of the scalar field
are
S = (0,1,1, 1) under U(1)Y × SU(2)L × SU(3)c × U(1)X . (A.1)
The SM fields are not charged under the extra gauge group. To ensure stability of the new
vector boson we assume a Z2 symmetry to forbid U(1)-kinetic mixing between U(1)X and
U(1)Y . The scalar field S and the extra gauge boson Aµ transform under Z2 as follows
AµX → −AµX , S → S∗, where S = φeiσ, so φ→ φ, σ → −σ. (A.2)
Other fields are neutral under the Z2.
The vector bosons masses are given by:
MW =
1
2
gv, MZ =
1
2
√
g2 + g′2v and MZ′ = gxvx, (A.3)
where g, g′ and gx are the SU(2), U(1) and U(1)X gauge coupling constants, respectively,
while v and vx are H and S vacuum expectation values (vev’s): (〈H〉, 〈S〉) = 1√2(v, vx).
The scalar potential for this theory is given by
V = −µ2H |H|2 + λH |H|4 − µ2S |S|2 + λS |S|4 + κ|S|2|H|2. (A.4)
The positivity of the potential requires the following constraints that we impose here-
after:
λH > 0, λS > 0, κ > −2
√
λHλS . (A.5)
Both vevs are non-zero and give rise to the masses of the SM fields and dark vector boson,
if µ2H,S < 0 κ
2 < 4λHλS , then
v2 =
4λSµ
2
H − 2κµ2S
4λHλS − κ2 , v
2
x =
4λHµ
2
S − 2κµ2H
4λHλS − κ2 . (A.6)
The scalar fields shall be expanded around corresponding vev’s as follows
S =
1√
2
(vx + φS + iσS) , H
0 =
1√
2
(v + φH + iσH) where H =
(
H+
H0
)
. (A.7)
The mass squared matrixM2 for the fluctuations (φH , φS) and their eigenvalues M2± read
M2 =
(
2λHv
2 κvvx
κvvx 2λSv
2
x
)
, M2± = λHv
2 + λSv
2
x±
√
λ2Sv
4
x − 2λHλSv2v2x + λ2Hv4 + κ2v2v4x.
(A.8)
The matrix M2 could be diagonalized by an orthogonal rotation R, such that M2diag =
R−1M2R. The convention adopted for the ordering of the eigenvalues and for mixing angle
α is the following
M2diag =
(
M2h1 0
0 M2h2
)
, R =
(
cosα − sinα
sinα cosα
)
,
(
h1
h2
)
= R−1
(
φH
φS
)
, (A.9)
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where Mh1 = 125.7 GeV is the mass of the observed 125 GeV Higgs particle. Then we
obtain
tan 2α =
κvvx
λhv2 − λ2sv2x
≈ 2κvvx
M2h1 −M2h2
, (A.10)
where the approximation can be used in the weak coupling limit (κ 1), which we discus
in this paper. In this limit scalar masses are given by M2h1 = 2λhv
2, M2h2 = 2λsv
2
x. Trading
vx with MZ′/gx, we are left with four independent parameter (Mh2 , gx, MZ′ , α).
A decay width h2 → Z ′Z ′ is given by
Γh2→Z′Z′ =
(2gxMZ′)
2
4Mh2
(
3− M
2
h2
M2Z′
+
M4h2
4M4Z′
)
1
8pi
√
1− 4M
2
Z′
M2h2
(A.11)
If we limit the quartic couplings by perturbativity to λh, λs < 4pi, then the resonance
conditions (2Mh2 ≈ 2MZ′) leads to the bound gx <
√
2pi. Consequently, the parameter ηi
within the VDM model is limited to
ηi =
Γh2→Z′Z′
Mh2βZ′
<∼
3
16
. (A.12)
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